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ABSTRACT
Nonlinear optical (NLO) processes are optical phenomena involving a 
nonlinear response to an applied light field. Two kinds of nonlinearities are 
studied in this dissertation: magnetic-induced second-harmonic generation 
(MSHG) interacting with surface plasmon, called “nonlinear magneto- 
plasmonics" (NMP), and the nonlinear index induced by a strong pump beam 
in Titanium doped sapphire crystal, referred to as population-induced nonlinear 
index effect.
The fundamentals of the major effects involved are discussed, which include: 
surface plasmon and its field enhancement effect, MSHG technique and 
phenomenological calculations, the contrast ratio of magnetic switching, the 
calculation of lensing effects, population induced strain, and photoelastic effect. 
Furthermore, the experimental techniques and setup are presented. Two 
ultrafast laser systems and the design of a spatially and temporally 
homogenized chirped pulse amplifier are also elaborated, because these are 
the most important devices in the experiments.
In the study of population-induced nonlinear index effect, a fast measurement 
system is developed and one of the photoelastic constants of Ti:sapphire is 
obtained, which is useful to optimize Ti:sapphire lasers and amplifiers. In the 
study of NMP, the MSHG signal enhancement effect and the magnetic 
contrast tuning effect are discovered in a single crystal iron film. The two-jump 
switching process induced by the cubic magnetic anisotropy of the iron film 
opens the way for simultaneously investigating both longitudinal and 
transverse magnetization components regardless of the external magnetic 
field. This study has potential usage in quaternary magnetic storage systems 
because it enables the read-out of all four magnetization states from crystalline 
iron with high contrast ratio, and it is also of interest for bio-chemical sensor 
applications due to its very high surface sensitivity and simple structure.
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Chapter 1: Introduction
Nonlinear optical (NLO) processes or nonlinearities are optical phenomena 
involving a nonlinear response to a driving light field. Parametric nonlinearities 
and nonlinear index are two kinds of nonlinearities studied in this dissertation. 
Parametric nonlinearities1'3 are optical responses based on high-order 
susceptibilities ( x m iXm — ) of a medium and include the effects such as second 
harmonic generation (SHG)4, third harmonic generation (THG)5, four-wave 
mixing, and optical parametric amplification and oscillation6. Nonlinear index is 
the change in refractive index in the presence of strong light intensity. For 
example, optical Kerr effect7 gives rise to the self-focusing effect in lasers and self 
phase-modulation in optical fibers. In this dissertation, I studied two NLO 
effects, the magnetic-induced second harmonic generation (MSHG) interacting 
with surface plasmon, called "nonlinear magneto-plasmonics" (NMP), and the 
nonlinear index induced by a strong pum p beam in Titanium doped sapphire 
crystal, which is called population-induced nonlinear index effect.
1.1 Parametric nonlinearities
In the electric-dipole approximation, the polarization P, which is induced by 
incident light in a medium, can be written as an expansion in powers of the 
optical electric field E(co)V3:
P(a>,2co,...) = X WE{0)) +  X m E{a,)E(a>) +. . .  ( 1.1.1)
where x (<> is the linear optical susceptibility tensor and x <2) is the second-order 
nonlinear susceptibility tensor, which gives rise to SHG, taking into account that 
the 4th-rank susceptibility tensor representing the quadrupolar contributions is 
much smaller. SHG is only allowed in media without inversion symmetry 
because it is an even-order ( x <2)) NLO effect. Therefore, SHG can be generated 
only in noncentrosymmetric media or at surfaces or interfaces between 
centrosymmetric media where the inversion symmetry is broken.
SHG from surface
Fundamental field SHG from interface
Figure 1.1.1 Surface SHG is sensitive to the surface and interface
For a centrosymmetric medium, the symmetry is broken in the first few atomic 
or molecular layers at the interface/surface and thus information about the 
interface/surface can be obtained by studying the properties of SHG signal, as 
shown in Fig. 1.1.1. Therefore, surface SHG provides a method to probe 
interface/surface in atomic or molecular systems. One can regard surface SHG as
3
a special case of SHG: 1) it is surface/interface sensitive, and 2) it is possible for 
some materials to not exhibit SHG in the bulk1'3-8'9.
1.1.1 Magnetic induced second harmonic generation (MSHG)
For crystals with a magnetization M  induced by spontaneous reasons or an
external magnetic field, the second-order nonlinear optical polarization can be 
written as10:
PK,{2a)) = x crE(a>)E{w)±xmagn{±M)E{(o)E(o}) (1.1.2)
where the first term on the right side describes the non-magnetic contribution or 
crystal contribution as elaborated in Eq. 1.1.1, while the second term describes 
MSHG, which exists only in the presence of a magnetization M. x "  and x ”"*” 
are non-intermixing tensors for crystallographic contribution and magnetization, 
respectively10.
MSHG was experimentally discovered in 1991 by Reif1112, and arose 
comprehensive research interests over the last decade because of the fast 
development and enormous applications of magnetic multi-layers and 
nano-structures. The availability of commercial mode-locked lasers suitable for 
harmonic generation also contributes to the study of MSHG. It is a powerful 
method for probing the interface/surface magnetization. MSHG has been 
demonstrated to be an extreme sensitivity technique to the slightest
modifications of the spin-polarized electronic structure of transition-metal 
interfaces and surfaces13-26. Since the magnetization leads to a polarization change 
of the second harmonic signal, MSHG effect is also called nonlinear 
magneto-optics (MO).
Besides the high sensitivity in the magnetization, MSHG technique has been 
demonstrated competent in the following applications: probing the magnetic 
properties of buried interfaces27, distinguishing contributions from different 
interfaces28, detecting antiferromagnetic ordering and imaging antiferromagnetic 
domains29-30, and studying exchange-biased structures and their dynamics31'36.
1.1.2 Surface plasmons and magneto-plasmonics
Surface plasmon (SP) is electromagnetic wave that propagates along 
metal-dielectric interfaces37-38. The charge fluctuations are localized in the 
direction normal to the surface within the Thomas-Fermi screening length of 
about 1 A37. The field of SP is described by37
E  = E 0 cxp[+ i(kxx  ±  k zz  -  cot)] (i.i.3)
where z is the direction normal to the surface , kz is the imaginary wave vector, 
which causes the exponential decay of field Ev x is the direction parallel to the 
surface, kx is the real surface plasmon wave vector, indicating the propagation 
direction of the SP (Fig. 1.1.2), to is the frequency of the wave, and t is the time.
Figure 1.1.2 Surface plasmon
The electromagnetic field has its maximum at the surface and decays 
exponentially normal to the surface, which are the typical proprieties of a surface 
wave39-41. This explains the surface sensitivity and gives a prediction on possible 
application of sensors. The other most important feature of SP is a strong 
enhancement of the electromagnetic field at the metal-dielectric interface with 
the excitation of SP by light37'42"44. This field enhancement has many applications 
such as enhanced photoluminescence45, enhancement of light scattered at 
Rayleigh waves46, surface enhanced Raman scattering (SERS)47, enhanced 
emission of light from tunnel junctions48, bio-chemical sensors by enhanced 
magneto-optic Kerr effect (MOKE)49"51, enhanced NLO processes like SHG52 and 
THG53, and four-wave mixing and MSHG54.
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Magneto-plasmonics (MP) describes hybrid systems where plasmonics and 
magnetic properties coexist, and has great potential for MO devices55. MP has 
generated much interest because of the potential applications in bio-chemical 
sensors49-51 and the magnetic control/modulation of SPs55,56. As a traditional 
method to study MP effect, MOKE changes the polarization of incoming light 
when interacting with magnetic media. In general, it is typical to use a thick 
magnetic layer to obtain a large change of polarization because MOKE is a bulk 
effect. Historically, one dilemma for MP systems is that the noble metal layer 
supports high quality SP, but a very large magnetic field (several Tesla) is 
needed to achieve MO activity. On the other hand, the ferromagnetic (FM) layer 
exhibits large MO activity, which makes it possible to make real MO devices. 
However, the huge losses in the FM layer causes an over damping of plasmon 
resonance, and thus impairs the strength of SP. The prevailing configuration, 
noble metal/FM/noble metal heterostructures49-51,56-59, combines the strength of 
good quality SP and large MO effect, but makes the structure complex and 
separates the source of SP and magnetization which compromises the coupling 
between them.
1.1.3 Nonlinear Magneto Plasmonics
In this dissertation, I use a nonlinear optical technique, MSHG, to study MP, 
called Nonlinear Magneto-Plasmonic (NMP) which refers to the nonlinear optical
response from MP system. As a surface sensitive MO effect, MSHG contains 
nonzero magnetic components of the second-order nonlinear susceptibility 
tensor which makes MSHG extremely sensitive to subtle modifications of the 
spin-polarized electronic structure of transition metal surfaces13, the same region 
where SP is present. Many advantages are expected from NMP: 1) the field 
enhancement effect of SP makes the MSHG signal stronger, which is favorable 
for magnetic materials with smaller susceptibilities and lower damage threshold; 
2) the overlap in geometry removes the need for complex hetero-structures, 
which is favorable for device development; 3) the direct contact of SP as a surface 
wave and MSHG source might bring some novel effects; 4) the combination of 
the two surface sensitive effects, SP and MSHG, makes it of interest for 
bio-chemical sensors (Fig. 1.1.3).
Figure 1.1.3 Surface plasma has more direct effect on nonlinear 
magneto-plasmonics over magneto-plasmonics
1.2 Nonlinear re f motive index
The development of mode-locked ultrafast lasers plays a crucial role in the
research of nonlinear optics. The mode-locked technique is based on optical Kerr 
effect60-61, which is a third-order ( j <3> ) nonlinear optical effect and can be 
expressed as7
n = n0 + - — 1£.| = n0 + n2l , (1.2.1)
8«0
where I is the intensity of the light. Besides , there are also other mechanisms 
that can contribute to the change of index n2. For example, Pockels effect, which 
was discovered by Friedrich Carl Alwin Pockels in 1893, produces birefringence 
in an optical noncentrosymmetric medium induced by a constant or varying 
electric field62. Another example is the photoelastic effect, which was first 
described by David Brewster in early 19th century, which makes photoelastic 
materials exhibit birefringence upon the application of stresses63-64 . Temperature 
can also change the index, since for most optical materials the refractive index is 
a function of temperature65*7. If this change is uneven, a beam going through the 
material will have a wave front deformation. If the change of index displays a 
radially gradual pattern, the beam will be focused/defocused, which is called 
lensing effect.
1.2.1 Lensing effect in lasers
The lensing effect in lasers and their applications are based on the property that a 
medium (normally, a solid state medium) becomes a lens that focuses the laser 
beams (Fig. 1.2.1). Lensing effects are very pronounced in modem high
average/peak power systems, especially for the solid state laser medium68. They 
change the resonance conditions of the laser cavity as well as the overall light 
path largely, and a focused beam might even damage the optics within or 
outside of the cavity. Therefore, the design of high power lasers and amplifiers 
needs to put the lensing effects into consideration69'71. So far, three major sources 
are accountable for the lensing effects: 1) Kerr lens effect, 2) Thermal-related 
effects, and 3) Population-related effects in the laser medium. All these lensing 
effects are a consequence of the change of refractive index, which leads to a 
gradual phase difference between the beam axis and edge68. This is similar to the 
function of a lens: the wavefronts are deformed, and as a result, the beam is 
focused. Kerr lens effect is induced by the beam itself, and it is strong for a 
focused beam with a short pulse-width and a large intensity. The thermal lensing 
effects exist in all solid state laser media and have been regarded as the dominant 
lensing effect for solid state lasers for a long time. The thermal lensing effects for 
Nd:YAG lasers were firstly published by Koechner in 197072. After that, thermal 
lensing effects for other laser media, varieties of pumping methods and laser 
cavities were studied7*"79. As a consequence, thermo-optic properties (refractive 
index as a function of temperature) of varieties of laser media were measured79-80. 
In most cases, the thermal effect is considered and measured as an average effect.
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A medium with a radially 
gradual change of index
Collimated laser beam
The beam is focused
Figure 1.2.1 Lensing effect for a laser beam
Like otheT solid state lasers, the lensing effect needs to be considered seriously in 
a Ti:Sapphire chirped-pulse-amplifier (CPA) system. The lensing effect is 
harmful to the amplifier in the following major aspects68,81'83: 1) it restricts the 
amplification rate by decreasing the mode volume of the seed beam; 2) it 
introduces optical aberration in the system, which makes the seed beam profile 
worse; and 3) it may even damage the crystal by focusing the amplified seed 
beam. Taking a multi-pass amplifier system for instance, the Ti:sapphire crystal 
has saturated flux of 0.9 J/cm2 and damage threshold of 5 J/ cm2 84'56, if the seed 
beam diameter is decreased by a factor of 2 due to lensing effect, the max 
amplification rate will be decreased at least 4 times; if the beam diameter is 
decreased to 2 mm, the pulse energy has to be limited to 100 mJ to prevent 
damage of the crystal. Furthermore, for an unfocused seed beam in a multi-pass 
amplifier, the Kerr lensing effect is very tiny. However, if the seed beam is 
focused, the Kerr lens effect will become pronounced when the seed beam passes 
the medium again. This makes the case even worse and is definitely not desired.
One should note that the lensing effect and the change of index are interactive 
effects. Given the change of index, the focal length of lensing effect can be 
calculated. Conversely, if the focal length of lensing effect is known, the change 
of index and thus the nonlinear refractive index coefficient can be determined.
1.2.2 Fast lensing effect induced by upper level population in TkSapphire 
crystal
In the study of a CPA based on TkSapphire crystal, besides the well-studied 
thermal-induced lensing effects, I am mainly interested in another kind of 
lensing effect which happens very fast (several microseconds) and can not be 
caught by the traditional measurement. This effect is induced by the nonlinear 
index which is caused by upper level population. Wall et al. firstly described this 
effect in 198987. Eilers et al. performed fast measurement of the phase shift in 
Ti:sapphire crystal by beam-deflection spectroscopy and discussed thermal and 
nonthermal effects88. Planchon et al. performed time-resolved measurement in a 
nitrogen-cooled Ti:sapphire crystal by two-dimensional (2D) spectral 
interferometry89. The method to directly measure the focal length of this lensing 
effect has not been developed yet because it is pronounced only under strong 
pumping condition. Furthermore, the elasto-optical coefficients for Ti:sapphire 
crystal, which are important to calculate the lensing effect, are still missing. It is
urgent to realize such measurement and determine the coefficients for the design 
of high energy CPA.
The mechanism for this very fast lensing effect is87: 1) upper level population 
changes the micro and thus macro volume of the medium; 2) this volume change 
induces strain to the crystal structure (Fig. 1.2.2); 3) strain induces change of 
refractive index; and 4) change of index induces the lensing effect. All the 
involved effects will be elaborated in the following chapters and I will elaborate 
on how such effects work in specific cases.
Figure 1.2.2 Excited TiOe complex applies strain to the crystal structure in a 
Titanium doped sapphire crystal
Strain
Ti06 complex at 
excited state
Ti06 complex
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1.3 Outline
In chapter 2, the fundamentals of the major effects studied in this dissertation are 
discussed. Ch.2.1 is concerned with the field enhancement effect of SP. Ch.2.2 
introduces tensors and calculations for MSHG. Ch.2.3 presents the contrast ratio 
of MSHG signal. The contrast ratio of two-jump system is derived for the first 
time here also. Ch.2.4 provides the calculation of lensing effects. Ch.2.5 focuses 
on population induced strain. Ch.2.6 treats the photoelastic effect and their 
tensors.
In chapter 3, the experimental setup and methods are elaborated. The ultra-fast 
laser system and the design of a spatially and temporally homogenized CPA are 
discussed in Ch.3.1. In Ch.3.2, the setup for NMP is presented, including the 
arrangement of laser systems (Ch.3.2.1), methods to excite the SP (Ch.3.2.2), and 
the data gathering system (Ch.3.2.3). In Ch.3.3, the unique experimental setup for 
detecting the fast population lensing effect directly is presented.
In chapter 4, the data of population lensing effect obtained by the fast 
measurement is analyzed (Ch.4.1). Then the optoelastic tensor of Ti:sapphire 
crystal is calculated, which filled the gap in this area (Ch.4.2).
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In chapter 5, NMP is studied and results are presented, including the 
enhancement effect of both signal strength and magnetic contrast of transverse 
MSHG by SP (Ch.5.1), and the tuning effect of the contrast ratios of the MSHG 
hysteresis loop and the origin of such effect (Ch.5.2).
In Chapter 6, the work on nonlinear optical processes is summarized and the 
important findings and possible applications of this study are highlighted.
15
Chapter 2: Theoretical Considerations and Simulation
In this chapter, I present the theoretical description and related simulation of the 
fundamentals of the major effects studied in this dissertation. They include (1) 
the field enhancement effect of SP, (2) the tensors and calculations for MSHG, (3) 
the contrast ratios of MSHG signed for one-jump and two-jump systems, (4) the 
calculation of lensing effects, (5) the upper level population induced strain, and 
(6) the photoelastic effect and their tensors.
2.1 Field enhancement effect o f SP under ATR configuration
Under Kretschmann-Raether configuration37,90,91 (Fig. 2.1.1), the reflection as a 
function of the incident angle (also called ATR curve) for p-polarized light can be 
calculated by Fresnel's Equation as37
where E0 is the incoming and £, is the reflected field. For the three-layer system 
(Fig. 3.2.2), medium 0 is the coupler made of quartz or glass; medium 1 is the 
metal film of thickness d, medium 2 is dielectric, which is air in this case, p means 
p-polarized, and r /  are the amplitude coefficients37:
r = E L =  roi +rn e x P ( 2 ik^d) 2
E ' \ + r'r&cm(2ik,td) '
(2 .1.1)
(2 .1.2 )
where
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where to is the frequency of light and c is the light speed in vacuum. The 
intensity of the electromagnetic field at the surface increases as the reflectivity R 
decreases. If medium 1 is a noble metal, e.g. Au, Ag, the reflectivity minimum 
represents maximum field or maximum field enhancement, which means a 
strong reduction of the reflected light corresponding to a complete 
transformation into SP.
Surface plasmon
MSHG
MOKEP-polarized
Figure 2.1.1 Kretschmann-Raether configuration for nonlinear magneto 
plasmonics: 0 is the coupler made of the quartz, 1 is the single crystal iron film 
grown on MgO substrate, and 2 is air, the index matching oil is applied between 0
and 1
The value of the field enhancement is given by the ratio of the field intensity on 
the metal surface (the metal/air interface) divided by the incoming field intensity 
in the prism (coupler/metal interface)37
I L J K ^ pM _
1 l + r0lrn eW(2ikIA ) '
(2.1.4)
where = 1 -  r /  are the corresponding coefficient of transmission in each 
boundary for p-polarized light, and |^12| represents Fresnel's transmission 
coefficient for the whole system. The maximum enhancement of the electric field 
intensity can be obtained by37
where 7 ^  can be understood as the maximum Fresnel's transmission 
coefficient for the system, and e, ’ and sx" are the real and imaginary part of 
the permittivity of the metal, respectively.
Based on Equations 2.1.1 to 2.1.4, the ATR curve and the field enhancement can 
be calculated. Figure 2.1.2 is for a 40 nm gold layer and Figure 2.1.3 is for a 10 nm 
iron layer. The ATR curve for iron is broadened due to the strong damping 
effect. The reflection coefficient (Eq. 2.1.1) has Lorentzian line shape, and can be 
expressed as37
where f, is the damping due to resistive heating, r rad is the damping due to 
re-radiation into the prism, and k° is the wave vector with maximum coupling 
(resonance wave vector).
(2.1.5)
(2 .1.6)
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Figure 2.1.2 Simulated ATR curve and field enhancement for a 40 nm gold layer 
by Kretschmann-Raether configuration
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Figure 2.1.3 Simulated ATR curve and field enhancement fora 10 nm iron layer 
by Kretschmann-Raether configuration
The field enhancement of SP for a noble metal layer, e.g. gold, silver, with an 
optimized thickness is very strong, while it is also considerable for metal with 
strong damping like iron.
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2.2 Magnetic induced second harmonic generation
In a Cartesian coordinate system, second harmonic polarization can be defined as 
Pi{2<o) = X»Ej {(0)Ei (a>), (2.2.1)
where i, j, and k are the Cartesian coordinates and %" is the susceptibility tensor 
arising from the crystal structure. Taking into account the interchangeable 
electric fields and the broken inversion symmetry along the direction normal to 
the sample surface (z-direction), the tensors can be simplified and Equation 2.2.1 
can be written as1,5
Figure 2.2.1 Longitudinal and transverse MSHG and the Cartesian coordinates
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For MSHG, the direction of magnetization is also taken into consideration. As a 
result, the longitudinal (L-), transverse (T-), and polar MSHG are classified 
according to the direction of magnetization component with respect to the 
incident plane10. As shown in Figure 2.2.1, L- and T-MSHG are parallel to x- and 
y-axis, respectively. Here only L- and T-MSHG are discussed as the 
magnetization of a thin iron film studied in this dissertation is always in the 
sample plane (x-y plane). With proper simplification by symmetry, the nonlinear 
susceptibility tensors for L- and T-MSHG are derived as 10,92,93
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(2.2.3)
(2.2.4)
where odd terms change signs with magnetization reversal and determine the 
switching process, while the even terms are not sensitive to magnetization and 
are considered as crystal contribution. Knowing the polarization of the incident 
beam, the second-order nonlinear optical polarization can be calculated by the 
tensors. For example, with an S-polarized incident beam (contains only £y), the 
polarizations for L- and T- MSHG can be calculated as
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(2.2.6)
This means if an S-polarized analyzer is used, the detector only responses to 
X ^ E l , if a P-polarized analyzer is used, the detector responses to x7 7 El an(  ^
X%7Ey because both x and z components contribute to Ep of the second-harmonic 
beam. In the same way, the polarization for L- and T- MSHG with a P-polarized 
fundamental field can be calculated as
(px Y£)
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2.3 Contrast ratio of MSHG
A very important concept for magneto-optical methods, i.e. MOKE and MSHG, 
is the contrast ratio or magnetic anisotropy of the hysteresis loop. It is defined
b y 10,93,94
c  _ /(+ A /)-/(-A /)
I(+M) + I(-M )
where I(+ M ) and I ( -M )  are the MOKE/MSHG signal strength at two different 
magnetizations (Fig. 2.3.1). As both magnetic and non-magnetic crystal 
contributions are complex quantities, the MSHG signal can be written as
/2" = k 7 f  +\ # f ± 2 \ t r \ \ # \ ~ 6 » .  (2.3.2)
where AO is the phase difference between the two contributions. %eff (even) 
and Xeff (odd) are complex quantities including the involved nonlinear 
susceptibility tensors and the corresponding fields. As a result, the contrast ratio 
(Eq. 2.3.1) can be expressed as10,95,96
, A & W s rC = ■cos AO. (2.3.3)
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Figure 2.3.1 MSHG hysteresis loop (one jump)
The contrast ratio above is for the simplest case where there is only one jump in 
the hysteresis loop. However, materials with cubic magnetic anisotropy93,97'99 
(e.g., crystalline iron thin film) display two-jump switching in the hysteresis 
loop. Such case is systematically studied here and formulas are developed to 
determine the contrast ratio for a two-jump switch system.
Suppose the incident plane and the external magnetic field are parallel to the iron 
hard axis [-110] (Fig. 2.3.2). The L-component corresponds to the magnetization 
(M) component parallel to the plane-of-incidence, i.e., along the axis [-110], while 
the T-component is perpendicular10, i.e., along the axis [110]. The magnetization 
of a thin Fe film is always in the sample plane if the external magnetic field (H) is 
applied parallel to the surface. The cubic magnetic anisotropy of single-crystal 
iron leads to two easy axes ([100] and [010]) and two hard axes ([110] and [-110]), 
and the magnetization tends to align along the easy axes (Fig. 2.3.2). Beginning
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from an initial state Mi along [100], with increasing magnetic field along [-110], 
the magnetization overcomes the hard axis [110], which causes a change in the 
longitudinal magnetic component (Mi to Mn). As H increases further, the 
magnetization overcomes another hard axis [-110], which causes a change in the 
transverse magnetic component (Mu to Mm). The jumps from Mn to Mm and Miv 
to Mi are possible because the external magnetic field can never be perfectly 
parallel to hard axis [-110], and a slight mis-orientation can cause such jumps. In 
the MSHG and MOKE hysteresis loops, each magnetization state corresponds to 
different signal intensity, I(M). The L-jump occurs at low coerdvity while the 
T-jump happens at higher coerdvity, as H is applied along the longitudinal 
direction and only a small field is needed to switch the L-component. From the 
two-jump hysteresis loops the L- and T- components can be separated clearly 
and studied simultaneously.
Mm
hard axia
[-110]
Mn
•say axis [100] May axia [010]
hard axia [110]
Figure 2.3.2 MSHG hysteresis loop (two jump)
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In the same way as Eq.2.3.1, the T- and L- magnetic contrasts for two-jump loop 
are defined as:
C } ~ /(M " }) + } ~ I{M <)} and
r /(M / ) + /(A//y) + /(A////) + /(M /F)
where Mi, Mu, Mm and M tv are depicted in Fig. 2.3.2. Next, expressions for the 
MSHG intensities I2w(Mt), i= I,..,IV are derived. The total MSHG response 
(polarization) from a magnetic material can be simplified to
P(2a>) = p™  ± p f ± p f ,  (2.3.5)
where p™” is the second-order polarization from the crystal, or the 
non-magnetic contribution, p ° f  and p f  are the magnetization-induced 
polarizations for L- and T- magnetization components, respectively, which 
change signs as magnetization reverses. Since these polarization contributions 
are complex quantities, involving fundamental fields, corresponding effective 
susceptibility tensors and polarization angles, the total (MSHG) signal is thus 
given by
i 2Mm = ( j T ' f + ( J^ ) 2+{pfi)2
+2-P™ jfoos<%  ±2-I f -  - p f  •cos** ±2- p f  i f  cos? {23 6)
Here <pr is the phase difference between and p'f*, <j>L is the phase difference 
between p™” and p ' f , and <p is the phase difference between p°jf and p 'f1 . 
Taking into consideration of the polarization angle a, 72"(M,) is thus given by
I ^ m )  = (//'“  coso)2 +(pP  cos or)2 + {pp  sin a f
±2-pT”-p p  casa-oa&aoos<fi.±2pevm- p f  cos«-sina-cos<  ^ (2.3.7)
±2- /^ s in a -sm cr-co s^
where a  equals to 0° when the analyzer is set to P polarization, and 90° when the 
analyzer is set to S polarization. This is the general expression for the MSHG 
intensity. More specifically, 
l^iMf)= (jf™ ■ cos a f  + (ppcosa f + (p f  sinaf
-2 p™ •pfp cosa cosa ccs^. -l-jT "  p p  cosa sina oos^ (2.3.8)
->t2-pp-pp smasmaoo&p
P X M ^iP ™  cos a f +($*  cosa)2 + (pfsm af
-2-p*" -pp cosa cosa co6 .^ +2-p™ ■ p p  cosa anar cos^ (2.3.9)
- 2 - p p -p p  smasinacosp
P \M in) =Qfenoosaf +(ppoosaf + (pf sin a f
42-p™-pp ccsacosacos^+2-p*" • p p  cosasinacosft (2.3.10)
+ 2 p fp p s in a s in a c o sp
-  (p™ ■ cos a f +(pp -ac&af +(ppsm af 
+2 p™ p p  cc&a (x&a <x&fy-2 p™ p p  (x&a sina ac&gi (2.3 .11)
a  odd odd  •-2-pP fj- smorsmarcos^
Applying Eq.2.3.8 - Eq.2.3.11 to Eq. 2.3.4, we obtain
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c  2 kLtmi a )cos(9,L) d
1 \ + kl +k2L tan2(«) 30
C = 2  kr.cos^ r )   (23 2)
r l + k^+ kl tan2(ar)' '
odd
where = —-  and kT = T_ — . ^even •
P  P
Equation 2.3.12 provides the L- and T-magnetic contrasts in a two-jump system 
as a function of polarization angle a  including the ratios of magnitude and 
relative phases between non-magnetic and magnetic MSHG components. The 
significance for this study is: 1) both L- and T- components can be extracted from 
a two-jump hysteresis loop; 2) by fitting the contrast ratios as a function of 
analyzer angle, the information about the ratio of magnitudes and the relative 
phase can be obtained, which will provide deeper insight in the MSHG response.
2.4 Calculation of lensing effects
The Kerr lens effect is based on the optical Kerr effect, which is a third-order 
nonlinear effect that causes a change in the refractive index in the presence of 
intense laser beam. The focal length f can be roughly calculated by100
f -' = * n £ Pt (2.4.i)
where n2 is the nonlinear refractive index, d is the thickness of the medium, P is 
the power, and W is the beam radius. For an un-focused beam, such focusing
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effect is very small. For example, for a Gaussian laser beam with 800-nm 
wavelength, 100-fs pulse duration, 10-nJ pulse energy, and 2-mm radius shooting 
into a 7-mm thick Titanium doped sapphire crystal with n2=3e'20 m2/W, the 
induced focal length is 598 km, which is negligible. However, such focusing 
effect becomes very strong for a focused beam.
Thermal lensing effects have been extensively studied as mentioned in Ch. 1.2.1. 
They have two major sub-effects: 1) temperature-induced refractive index 
change, and 2) thermal strain-induced refractive index change68. Empirical 
equations to roughly calculate the focal length have been developed, e.g .,101
where k  is the thermal conductivity, A  is the area of the pum p beam, P„ is the 
absorbed power, and dti/dT is the temperature variation in the index of 
refraction. A more accurate approach is to calculate the focal length by the 
optical pass deformation (OPD)102 105, which can be written as
where / is the total length of light path in the medium and dn is the change of 
index along the light path. For a thermally induced dn, the temperature 
distribution in the medium needs to be calculated. Finite element analysis (FEA)
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(2.4.2)
(2.4.3)
o
is the most accurate way to do the calculation, especially for the irregular shape 
like a Brewster-cut crystal (Fig. 2.4.1). The radially varying index in the medium 
leads to a radial change of OPD. That is the basic principle for the lensing effect 
and focal length calculation, not only for thermal but also for all other lensing 
effects. For example, the focal length of the population induced lensing effect can 
be calculated if the OPD's distribution in the Ti:Sapphire crystal is known.
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Figure 2.4.1 Temperature distribution of a Brewster cut Ti.Sapphire crystal 
pumped by a 20 W laser beam, simulated by FEA software COMSOL
30
2.5 Population induced strain in Ti:Sapphire crystal
Sapphire (AI2O3) has a hexagonal crystal structure , belonging to the trigonal 
crystal system with point group DM, space group R 3 c , and Hermann-Mauguin 
notation 3 m . The Al3* ions occupy C31, symmetry sites and 2/3 of the octahedral 
sites. The oxygen layer is perpendicular to the c axis106,107. TP*:Sapphire is 
sapphire crystal doped by Ti3* ions, which substitute the Al3* sites and form Ti06 
complexes. The titanium ion has only one single d electron in the outermost shell 
while the remaining 18 electrons have the filled-shell configuration of a neutral 
argon atom. As the 3d electron electrostatically interacts with the electronic 
charges of six surrounding oxygen ions that are positioned at the comers of an 
octahedron, the 3d energy levels are split into higher energy T levels and lower 
energy E levels according to the orbitals' pointing direction107. The difference in 
energy corresponds to the energy of a green photon (approximately 500 nm). As 
a result, a green laser is used to pum p 3d electrons of Ti^iSapphire crystal from 
ground state to excited level. A coupling between the electron energy levels to 
the vibrational energy levels of the surrounding sapphire lattice makes the 
energy levels split further and makes a very wide emission band from 600 nm to 
1200 nm 107 109. The excited state has a different Ti-O equilibrium distance than the 
ground state, so that the volume of the Ti06  complex in the ground and excited 
states are different. The coupling between the electron energy and vibrational 
energy determines the shape of the volume change107. It is known that the
volume of TiCk complex in the ground state is VGroumJ = 29.2 ± 0.9 A3 , and in the
o  o
excited state VExcUed =41 ±0.9A3, with volume change AF = 11.8±0.7/f3
z (c-axis)
^(expanded)
x(expanded)i
Figure 2.5.1 The excited state of TiOe complex expands as an ellipsoid
Note that because of the coupling of the Jahn-Teller mode, there is no effective 
deformation along the c axis. The deformation perpendicular to it leads to a 
change of ellipsoidally shaped volume with the expansion perpendicular to the c 
axis (Fig. 2.5.1)107. The strain per unit volume and per excited Ti06 for an ellipsoid 
complex can be written as
(2.5.1)
N  2
where s is the strain, N  is the number of exited Ti3+ ions per 1 cm3. As 
AV = 11.8±0.7^3, we obtain88
— = 5.9 ±0.4 A3. (2.5.2)
N  v '
2.6 Photoelastic effect for Ti.’Sapphire crystal
The refractive index is determined by the permittivity (or dielectric constant), 
which are functions of the applied electric field and the stress on the crystal. The
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change of refractive index caused by stress is called the photoelastic effect. In the 
absence of the biasing field E, if a uniaxial stress a is applied to the crystal along 
the unique (optical) axis, the refractive index for a light wave, whose electric 
vector is in that direction, is given by 110,111
n = rt°+aa + b<r2+..., (2.6.1)
where a, b are first order and second order stress constants. The relative dielectric 
impermeability tensor B, at optical frequencies is induced and can be written as
(2.6.2)
It follows that the change of B, can be written as
A B t  ■n.
(2.6.3)
AB, under an applied strain s, can be calculated by
Afi( =p,*, , (2.6.4)
where is the elasto-optical coefficient. In MKS unit system, the strain of a 
crystal produced by an optical field has the order of magnitude of 1011. With 
proper simplification by the symmetry of the crystal structure, the tensor matrix 
for Ti:Sapphire crystal can be written as110
A V P n P \  3 P l 4 0 0 ' V
A B 2 P i  i P n P i ) P l 4 0 0
A B 3 P n P n P n 0 0 0
A B 4 P <  i P n 0 P 4 4 0 0 *4
A B } 0 0 0 0 P n P $6
a b 6 , ,0 0 0 0 P n P n , A y
(2.6.5)
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The number of tensor elements can be reduced with the following 
relations pu = p 12 , pl2 = Pi\ , P\i = Pn , Pn = Pn > P*a = Pss > P\* = ~ Pi* = Pu > 
pM = - p 42 = y  p56, p ^  =~^(pu ~ p n ) 88,n°- Note that there are also six independent 
components when referred to arbitrary axes. The numbers 1, 2 and 3 correspond 
to x, y and z axis, respectively. The other three represent the deformation for 
fixed volume. As a result, in our case Si = S2 = s and S3  = 0, because there is no 
strain (no expansion) along z-axis (c- axis) and it is equal for x and y directions. 
Also, s4= s5= S6  = 0 because there is no deformation for fixed volume.
Given the elasto-optical coefficients of Ti^:Sapphire, the change of refractive 
index for light polarized in the same direction can be calculated by
n3
^ 1  = - y ( A . + P 12 >
A«2 = - | - ( P 2 1 +P22)5 . (2 .6 .6 )
3
4*3 = -y (P 3 1 + P32)-S
Since n3 = n2 and pl2 = p2], p n = p n , pn = p23, the An in x and y directions 
(normal to c-axis) are the same and the An along c-axis can be calculated by
^ 3 =-",3/>3 , y -  (2-6.7)
So far, the lensing effect, population induced strain, and strain induced refractive 
index change are discussed. With the elasto-optical coefficients and the
distribution of population density, one can calculate the focal length due to 
upper level population. However, the elasto-optical coefficients of Ti3+:Sapphire 
are not available and researchers have used the data of Cr^rSapphire instead. 
One goal of this dissertation is to determine experimentally these coefficients.
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Chapter 3: Experimental Section
Nonlinear optics has been explored shortly after the demonstration of the first 
laser by Peter Franken et al. at the University of Michigan112 because the strong 
optical field of the laser beam induces high enough polarization density in a 
material. The Q-switch technique allows more energy to be accumulated in the 
laser upper level and a pulsed output, resulting in short pulses (normally 10 
nanoseconds) and a higher peak power, which are more favorable for nonlinear 
optical effects. The mode-lock technique can shorten the pulse width down to the 
range of less than 10 femtoseconds (fs) to several picoseconds (ps)m . If a 
mode-locked oscillator is combined with a CPA, the output beam could have 
very short pulse-width with large energy and thus huge peak power and 
intensity, which is most favorable for nonlinear optical effects114. My experiments 
are based on such system.
3.1 Ultra fast laser system and Chirped-Pulse-Amplifier
3.1.1 Mode-lock technique and Chirped-Pulse-Amplifier
The longitudinal modes of the laser cavity are standing waves with discrete
frequencies allowed to oscillate in the resonant cavity113. For example, in a 
Fabry-Perot cavity (parallel plane-mirror cavity), the distance of mirrors L can be 
expressed as L = qA/2, where A is the wavelength and q is an integer known as the
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mode order. If all the allowed modes operate with a fixed phase between each 
other, the laser is called mode-locked. Such lasers have very short pulses which 
are like intense burst113.
The most successful scheme to mode-lock a laser is called Kerr-lens 
mode-locking (KLM) technique115. As mentioned in Chapter 1, the optical Kerr 
effect is a third order nonlinear effect, which causes a change in the refractive 
index in the presence of intense light such as a laser beam. The variation of 
refraction index is proportional to the local intensity of the laser beam, which 
often has a Gaussian distribution, resulting in the self-focusing, self-phase 
modulation and the Kerr-lens mode-locking effects115. The optical Kerr-lens effect 
causes high-intensity beam (mode-locked and pulsed beam) and low-intensity 
beam (continuous wave beam with random phase) to have different focal 
lengths. By carefully designing the laser cavity to be favorable for the 
high-intensity beam by utilizing the Kerr-lens effect, only the high-intensity 
beam composed of in-phase longitudinal modes can oscillate in the cavity, thus 
the laser is mode-locked.
Although ultra-short pulses generated by a mode-locked oscillator have very 
high peak power, the energy contained in each pulse is quite small. A CPA can 
amplify the pulse energy from nanojoules to several joules. It is used in most of
the world's powerful laser systems. In a CPA, the ultra-short pulses are first 
stretched out temporally using a grating pair or a dispersive medium so that the 
low-frequency and high-frequency components are separated temporally (also 
called chirped), and thus the pulses have a longer duration than the original ones 
by a factor of 103 to 10s. This pulse stretching process makes it possible that each 
pulse can contain very high energy without damaging the gain medium or other 
optics because of the sufficiently low intensity due to the longer pulse duration. 
The stretched pulses then become amplified by the gain medium by a factor of 
106 or more, normally. At the last stage, the pulses are re-compressed back to 
their original pulse width by another grating pair with opposite arrangement or 
a negative dispersion medium, introducing the reversal process of the stretching. 
As a result, the peak power of the pulses is amplified by orders of magnitude114. 
Figure 3.1.1 shows the different stages in a CPA.
There are two types of amplifiers: regenerative amplifier and multi-pass 
amplifier, both of which are mostly based on titanium doped sapphire crystals. 
The regenerative amplifier is composed of gain medium in an optical resonator 
together with an optical switch, and is used for relative lower power pulses yet 
with a very large overall amplification factor (around 106). The multi-pass 
amplifier is suitable for higher energy pulses (more than mj level) with a relative 
lower amplification factor with low amplified spontaneous emission (ASE)116.
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The multi-pass amplifier normally has a simpler setup, which arranges the 
pulses going through the gain medium several times (mostly 2 to 8 passes) by a 
set of mirrors114. To achieve highest peak powers, most commercial CPA systems 
contain more than one amplifier. A regenerative amplifier as pre-amplifier 
followed by a multi-pass amplifier is the prevailing configuration114.
tz>
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Ultra short pulse Stretched pulse
from the oscillator (150 ps, 5 nJ)
(120 fs, 10 nJ)
Amplified 
stretched pulse 
(150 ps, 2 mJ)
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amplified pulse 
(150 fs, 1 mJ)
Figure 3.1.1 Specs of the laser pulse in different stages of a typical CPA
In a CPA system, a pum p beam with high fluence or energy density is always 
desired, because the pumping fluence is critical for the single-pass amplification 
rate. However, due to the Gaussian distribution of the beam profile, the fluence 
in the center part of the pum p beam is much higher, which may lead to crystal
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damage, while the average fluence may not be high enough to guarantee 
sufficient gain. Furthermore, high-energy pump lasers unavoidably have hot 
spots in the central area of the laser beam and have a multi-mode output, which 
makes the situation worse. In the following, a spatially and temporally 
homogenized pumping system is designed for a 5-pass, 30-Hz, terra-watt CPA. 
This design protects the Ti:Sapphire crystal and generates up  to 130-mJ pulses 
with a total amplification rate of 300 and a conversion efficiency of 20%.
3.1.2 Amplification in a Chirped Pulse Amplifier
For general laser media, the small signal gain is given as g0 = N  • crmissiort, where
aemission 1S stimulated emission cross section and N is the excited state
population which is proportional to the pump fluence (unit: J  / cm2 ). If the seed
beam pulse intensity is close to the saturation intensity, the gain is given 
0
by g = ------2---- , where J  is the fluence of the seed beam and Jsat is the
1 +JIJ*a
saturation fluence117. If the round-trip losses, gain saturation, and the change of 
gain are taken into account, multi-pass amplifiers' performances can be best 
described by the model of Frantz and Nodvick118.
where G(0P) =exp[ J ^  / Jml ] is the small signal gain for pass p. Jip)= r jZ "  is 
the seed beam's fluence going into the crystal and T is the loss coefficient per
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(3.1.1)
Pass- J iP/?  is the stored energy. J {/ 1  = rjJabs x(Ap / AJ ,  where q is
the coupling coefficient and Jabs is the pump fluence absorbed by the crystal.
From Equation 3.1.1 we know that higher pump fluence going into the crystal is 
beneficial to achieve higher gain, which is independent of the general gain in the 
laser medium for the specific multi-pass model. Meanwhile, the pump fluence 
must not go beyond the damage threshold (/damage), which is 5 J I  cm2 for 
Ti:sapphire crystal117,118. In most cases, because of the nonuniformity of the 
transverse energy distribution in the pum p beam, the pump fluence in some 
parts of the beam approaches the damage threshold while the fluence in other 
parts and the average fluence remain low. This limits the total performance of 
the amplifier. The situation is much worse for high energy pulse pum p lasers 
because they always have hot spots in the beam.
To clearly explain the problem and how it is solved, a parameter is defined as
f
K = -±S±-, (3.1.2)
/a vera g e
which indicates the ratio of the peak fluence (fp„*) to the average fluence (/average)- 
For single mode Gaussian beam, the K value is normally less than 2.7. If the edge 
part of the beam is neglected, where only a tiny portion of the energy is 
contained, K is less than 2 (For the beam with Gaussian distribution shown in
Fig. 3.1.2, K = 1.8650). This means that the average pump fluence must not go
beyond ^damage - —-— J  /cm2 for the safety of the crystal to accommodate the 
J K 1.865 J 7
peak energy density at the center in engineering designs. Actually, the real beam 
is far more complex, composed of many high-order TEM modes and spikes 
made by hot spots as shown in Figure 3.1.5 (refer to Fig. 4.1.4). The K value for 
this beam (Quanta Ray, 30Hz, 800mJ/pulse) is 4.2974, which is much worse than 
a single-mode Gaussian beam. To avoid damage of the crystal, the total pump 
fluence has to be reduced by a factor of 4.2974 to accommodate the peak energy 
density at the spikes. As a result, the pump energy density and gain decrease. 
Therefore, the pump beam needs to be homogenized to lower the K value.
1
0.8 
0 .6  
0 .4  
0.2
Figure 3.1.2 Energy distribution of a single mode Gaussian beam
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3.1.3 Spatial homogenization of pump beam
The high energy pump beam is first split into two parts so that the crystal can be 
pumped from both sides. This guarantees a high fluence along the light path in 
the crystal while it decreases the light intensity at the end surface, where damage 
most likely happens. The K value is decreased to 2.6902 by this method. Figure
3.1.3 shows the pump fluence along the light path. The maximum fluence at both 
ends (red line) decreases by about 30% for only one end pumping (blue line).
Punped by single beam 
Pimped by spat beaml 
Pimped by spM beam2 
Pimped by both ends
- ?  0.7
0.4
U_
0.1
Light path in Crystal /m
Figure 3.1.3 Fluence distribution along the light path in the Ti.sapphire crystal. 
Pumping from both sides (red) is more homogeneous than from single side (blue)
To lower the K value further, especially to erase the danger of damage by hot 
spots in the beam, the beam in each direction is split again. The basic idea is 
illustrated in Figure 3.1.4. The beam is split into two parts, each with lower
fluence than the original one. These parts are overlapped in the transverse 
direction by two mirrors. Then, they are recombined on the crystal with the hot 
spots spread out. This step decreases the K value further to 2.3234, which is much 
better than the original value of 4.2974. Figure 3.1.5 shows the original beam 
profile and the beam profile after recombination. The energy is even and the 
spikes are less distinct for the recombined beam. Note that in the setup, the beam 
energy is not split equally for some technical reasons. The ratio is 4 to 6 and 3.5 to 
6.5 for the first and second split, respectively. Technically, if the beam is split into 
equal parts, the K value could decrease further to 1.8866, which is close to the K 
value pumped by a single mode Gaussian beam.
Figure 3.1.4 Split, reverse and recombine to spread the hot spots
Figure 3.1.5 Real beam profile before and after recombination
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In conclusion, Figure 3.1.6 shows the K values in various situations and the 
progress made by my design. A K value of 2.7 is commonly used in engineering 
calculation"9, 1.8650 is for single mode Gaussian beam, 4.2974 is the original 
value of the pump beam, and 2.3234 is the value after optimization. My result 
achieves a huge improvement over the original pum p beam and is better than 
the common value in commercial CPA systems.
5 ................... - ■ - - .....................-........................................ - .................................................-
R t i l  b i i n  o f  p i n  p I m r
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Figure 3.1.6 K values in various situations
3.1.4 Temporal homogenization of pump beam
Unlike continuous wave (CW) lasers, for pulsed lasers in the range of 
microsecond to nanosecond, the damage threshold is rated as fluence or energy 
density with the unit of J/cm2, instead of power density with the unit of W/cm2.
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There is no certain relationship to describe the change of damage threshold with 
the change of pulse duration. Based on the experience in engineering and 
technical calculations, the damage threshold varies as a function of the square 
root of the pulse duration120. For example, if the damage threshold for an optical 
element is 5 J/cm2 for 10 nanosecond pulses, it changes to 50 J/cm2 for 1000 
nanosecond pulses, which means it can withstand 10 times more energy. 
Therefore, my basic idea to temporally homogenize the pum p beam is to extend 
its pulse duration. In practice, before the two pump pulses on each side are 
recombined, I apply delays between them, which are 5 and 3 nanoseconds, 
respectively. The original pum p pulse duration is 10 ns (Fig. 3.1.7 blue line). 
After the delays are applied, the durations change to 13.5 (Fig. 3.1.7 green line) 
and 12 ns (Fig. 3.1.7 red line), which means the crystal can withhold 16% and 
10% more energy than it does without the delay. Since the population lifetime for 
Ti:Sapphire is about 3 microseconds, which is much longer than the pulse 
duration, the change in pum p pulse duration will not affect the conversion 
efficiency.
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■Ortnginal pump pulse 
First pulse on front sids 
Second pulse on front side 
Total pcmer on front slcte 
'Total power on back sidB 
First pulse on back side 
Second pulse on back sidB
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Figure 3.1.7 Pump pulse duration with (red and green lines) and without (blue
line) delay
To summarize, split, reversion, recombination and delay are applied to optimize 
the pum p configuration in a multi-pass CPA laser amplifier system (Fig. 3.1.8). 
Along with the compensation of lensing effect for seed beam, this setup 
generates up to 130-mJ pulses with a total amplification rate of 300 and a 
conversion efficiency of 20%, which is among the highest for CPA systems.
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Lens and mirror
Pump beam
Ti:; Seed beam
Crystal
Flip-over process 
Figure 3.1.8 Overall layout of the pump scheme
3.2 Experimental setup for nonlinear magneto plasmonic
3.2.1 Configuration of lasers
A system composed of several commercial lasers is used in the study of NMP. A 
Ti:Sapphire mode-locked laser pumped by a green continuous-wave (CW) laser 
generates ultra-short pulses w ith the duration of about 120 fs and the rep rate of 
80 MHz, which is called seed beam. A synchronization system converts the rep 
rate of the seed beam to 1 kHz and synchronizes it with a pum p laser beam, 
which is generated by a Q-switch laser. A pulse stretcher composed of a grating 
pair and a spectral mask, a regenerative amplifier, a 2-pass amplifier and a 
compressor composed of another grating pair make up the whole CPA. Finally,
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the output beam has a pulse energy of 2 mJ and a pulse width of 2 picosecond 
(Fig. 3.2.1).
Because the surface plasmon can only be excited by P-polarized light under 
Kretschmann-Raether configuration (refer to Ch.3.2.2), a half-wave plate is used 
to convert the beam from S- to P-polarized. The beam diameter is decreased from 
12 mm to 2 mm by a telescope, in order to have a higher light field intensity and 
to fit the size of the rest of the data gathering setup. It is critical to use a 
collimated beam because it has advantages over a focused beam for the following 
reasons: 1) the excitation of surface plasmon (SP) is very sensitive to the incident 
angle, while the incident angle for a focused beam has a larger span; 2) for a 
focused beam, the beam diameter varies much with a tiny change in position, 
which could bring very large errors for SHG signal in the experiments; 3) to 
guide the very weak second harmonic signal to the detector (photo multiplier 
tube), a collimated beam is much easier than a focused beam.
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1 kHz 532 nm 
pump beam
Continuous wave 
532 nm pump bea
1 kHz, 800 nm, 150 ps, 0.05 mJ seed beam
MHz, 800 nm, 120 fs, 5 nJ seed beam
2-pass amplifier
Regenerative amplifier
1 1 kHz, 800 nm, 2 ps, 2 mJ beam
Figure 3.2.1 Picosecond laser system for surface plasmon excitation and second 
harmonic generation
3.2.2 Excitation of surface plasmon
The SP is an electromagnetic wave performing coherent fluctuations that 
propagate along a metal-dielectric interface. By solving Maxwell's equations for 
the electromagnetic wave at an interface between two materials with permittivity 
(dielectric constant) £j and e2 (fj is for metal and e2 is for the dielectric) with the 
appropriate continuity relation and the boundary conditions, the dispersion 
relation (co as a function of k) for a wave propagating on the surface is37
f  n 1/2
£  (0 £}s 2
(3.2.1)
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where c is the speed of light, k is the wave vector and a> is the frequency of SP. 
The SP behaves like a photon at low k, where a> = c k. As k increases, the 
dispersion relation bends over and reaches an asymptotic limit called the 
"surface plasmon frequency". As a result, the dispersion curve lies to the right of 
the light line co = k-c. The surface plasmon frequency is the asymptote of this 
curve, and is given by
where n is the electron density, e is the charge of the electron, m* is the effective 
mass of the electron and e0 is the permittivity of free-space. In conclusion, the 
surface plasmon frequency is determined by the properties of the metal and the 
dielectric constant of the dielectric ( e2).
There are several methods to excite a surface plasmon. One can use an electron 
beam to penetrate a solid and transfer momentum and energy to the electrons of 
the solid and excite SP. Localized SP can be excited by sending light on a rough 
surface built up of nanostructures or particles. A metal grating or corrugated 
structure hit by a light beam can also excite SP because the change of the light 
wave vector by the grating meets the dispersion relation of the SP (Eq. 3.2.1) and 
thus can couple the photons to SP37. The most convenient method for metal film
(Osp = (Op / yj\ + el ,
where g)vis the bulk plasma frequency which can be given by
(3.2.2)
(3.2.3)
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structures is the Kretschmann-Raether configuration37 as shown in Figure 3.2.2, 
which also can be treated quantitatively.
As mentioned above, the dispersion relation of SP lies to the right of the light line 
(a> = c-k) which means that the surface plasmon has a longer wave vector than the 
light wave of the same energy propagating along the surface. Therefore, a 
coupler is needed to match the wave vectors of light and SP. In 
Kretschmann-Raether configuration, an iron film is attached to a quartz prism, 
which increases the momentum of light from h a l e  to ( h a l c ) . ^  . The 
projection onto the surface is
k ^ J e ^ —sinO, (3.2.4)
c
where is the refractive index of quartz which equals 1.5, and 6 is the incident 
angle. The wave vector (Eq. 3.2.4) satisfies the dispersion relation for SP at the 
metal-dielectric interface with permittivities t  3 of the metal and e2 of the dielectric 
(Eq. 3.2.1), and the SP is excited at that interface (Fig. 3.2.2). Because the incident 
angle 6 corresponding to the matching of the wave vectors is always beyond the 
total reflection angle and the reflection is attenuated due to the coupling of the 
light to the SP, this method is also called attenuated total reflection (ATR) 
method.
Figure 3.2.2 Kretschmann-Raether configuration: 0 is the coupler made of the 
quartz, 1 is the metal film, and 2 is air
3.2.3 Setup for data gathering
The experimental setup for data gathering is shown in Figure 3.2.3. A quartz 
prism is used for the Kretschmann-Raether configuration to excite the SP. The 
MgO substrate is attached to the prism by index matching oil. A data gathering 
system including chopper, boxcar, lock-in amplifier, photon multiplier tube 
(PMT), and polarizers with 1:10000 extinction ratios enables detection of the 
small MSHG signal. An infrared (IR) filter is placed before the prism to filter out 
the blue light generated from the laser system and the optics, and a blue filter is 
placed before the PMT to block the fundamental 800 nm light. An interface bus 
(GPIB)-controlled split-coil electromagnet provides an external magnetic field. A 
set of Lab View programs are written on a PC to control the rotation motor and 
magnet, and to gather the data through GPIB cables.
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Sample
Figure 3.2.3 Experimental setup of nonlinear magneto plasmonics
One very tricky design is the rotation stage. As Figure 3.2.3 shows, in order to get 
the signal as a function of incident angle, not only the incident beam changes 
position, but also the detectors need to rotate accordingly, which makes the 
alignment extremely complex. A retroreflector is used to solve this problem. A 
retroreflector reflects light back to its source direction and keeps the incident and 
output beam parallel to each other. The retroreflector is composed of a prism 
carrying the sample and a prism with thick silver coating as a reflector (Fig. 
3.2.4). Under such configuration, one only needs to rotate the retroreflector to 
change the incident angle and keep the rest of the optics fixed.
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Iron film on MgO substrate 
Prism
Prism with thick silver coating
Figure 3.2.4 Retroreflector
3.3 Experimental setup for Photoelastic effect
3.3.1 Configuration of lasers
The research of photoelastic effect originates from the design of a table top 
Ti:Sapphire multi-pass CPA system. I discovered that the seed beam pumped by 
a synchronized pum p beam has a much shorter focal length than a CW beam 
under the same condition. A lensing effect must occur that happens in phase 
with the pump beam, which is different from the average thermal effect. The 
configuration of the laser is straightforward (Fig. 3.3.1) and similar to a real CPA 
system. The seed beam generated from a mode-locked laser goes through a 
Brewster cut, 7 mm in light path and 0.25% Ti3+ doped sapphire crystal. The 
crystal is cooled by a 50 W thermoelectric cooling unit with additional circulating
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water to keep the side boundary temperature at 20 °C, which is the real cooling 
condition when the crystal works as the gain medium in a CPA. A very powerful 
Q-switch laser which generates up to 800 mJ energy per pulse is used as the 
pum p laser. The pum p beam is focused to be 4 mm in diameter, and the crystal is 
pumped from both sides. The seed beam going through the crystal is studied.
Mode-locked oscillator / laser
Continuous wave 
532 nm pump beam
Brewster cut Ti.Sapphire Crystal
30 Hz, 532 nm, I
0.8 J pump beam I
I  Focused seed beam
Figure 3.3.1 The arrangement of lasers in the study of photoelastic effect
As elaborated in the theoretical section (Ch. 2.5), the photoelastic effect is caused 
by the strong pump laser pulses and happens in the time scale of microsecond. 
The time-dependent measurement of this very fast lensing effect is difficult. 
Firstly, it is different from the average thermal lensing effect, which can be 
directly measured by a CW laser beam going through the laser crystal. Secondly, 
the pump-probe method is not suitable either, because its applicable range is 
between hundreds of femtoseconds to hundreds of picoseconds limited by the
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I 80 MHz, 800 nm, 120 fs, 5 nJ seed beam
actual delay applied between the pump and probe beams. Thirdly, the test 
beams with different delay will differ in intensity due to different amplification 
factors. This makes it difficult to determine the focusing condition from a 
detection device such as a CCD camera because it often has the saturation 
problem when the energy and focal length change. Using different attenuators 
destroys the base for comparison.
3.3.2 Measurement of the focal length
In this study, an experimental setup is designed to catch this very fast lensing 
effect. For a Gaussian distributed laser beam, the power contained within the 
radius r is116
where P is the total power, r is the radius of the iris, and w is the beam radius. 
Having determined the power with and without the iris, one can obtain w by
Here, the actual value of the power is not important anymore. The ratio of the 
signal strength is used instead, as long as the signal strength represents the 
power. This allows the use of a photodiode as the measuring device. 
Furthermore, the change of signal strength due to the time delay dependent 
amplification rate is canceled out.
(3.3.1)
- 2 r (3.3.2)
V
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Now that the beam radius w at the iris is known, the task becomes to determine 
the relation between focal length of the crystal (fc) (Fig. 3.3.2) and w . To get this 
geometrical relation, an approximation is made which treats the initial laser 
beam as a parallel beam instead of a Gaussian one. For a parallel beam, knowing 
w, one can calculate the beam radius at the lens by
w fw, = - (3.3.3)
L - f  '
where /  is the focal length of the lens and L is the distance between the lens and 
the iris. Similarly, one can further obtain the focal length of the crystal by
fc  =
w.. -d
w .. -w,
(3.3.4)
where wc and w, are the beam diameters at the crystal and the lens, respectively, 
and d is the distance between the crystal and the lens. From this relationship the 
focal length of the crystal can be obtained, as long as the ratio of the signal 
strength with and without the iris is known (Eq. 3.3.2).
fast photo diode iris lens crystal as lens
oscilloscope
Figure 3.3.2 Data gathering system for the very fast photoelastic effect
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In this experiment, I use a fast photodiode to measure the intensity of the test 
beam pulses as the relative power, and set L=165 cm, f= 15 cm, and d=200 cm. A 
lens with focal length of 6 cm is placed in front of the photodiode, which 
guarantees that all the signals are collected by the diode.
I apply the rules for the propagation of a focused Gaussian beam which takes the 
focal point shift into account to test whether the approximation above is accurate. 
According to the ABCD matrix formula, the laser beam at the iris can be 
expressed as Q = Z + iZ0, where Z0 = nw2 IX  is the Rayleigh length. In the same 
way, the laser beam at the crystal can be written as q = z + izQ . The ABCD
matrices employed in this calculation are M, =
1 O' 1 d,
1
1
1
, M 2 = 0 1
M3 =
1 0 
1 1 and M4 =
1 L 
0 1
. The overall transfer matrix is
A B 
C D and Q = m . Figure 3.3.3 shows theC q  + D °
simulation result for both methods. As long as the focal length of the crystal is 
larger than 5.5 meters (about the Rayleigh length of the seed beam), the error is 
below 5% (for example, when the focal length is 5.5 meters, the values of beam 
radius at the iris calculated by each method are 0.5652 cm and 0.5397 cm 
respectively). The approximated calculation is thus considered accurate.
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Figure 3.3.3 Comparison between geometrical optics approximation (diamond) 
and Gaussian beam propagation (circle) calculations
3.3.3 Trace the fast signal
The time-dependent measurement is carried out by a fast photodiode and a 
gigahertz oscilloscope. This measurement provides a temporal resolution of one 
nanosecond and can catch every pulse from the 80 MHz seed beam. Each pulse 
represents a state of certain delay with respect to the pum p laser. Therefore, the 
time-dependent data is actually made up by many pulses with different delay.
The original data is shown in Figure 3.3.4 a. It is composed of many pulses and 
shows the effect of the pump beam. The seed beam has the strongest pulse when 
the time delay is zero and its energy decreases over time all the way to its 
original state. This is mostly due to the amplification effect by the pump beam. 
This effect can be canceled out using an iris. Note that due to the jitter effect of
the oscilloscope sampling frequency, there is a periodic fluctuation in the signal 
strength (Fig. 3.3.4 b). Such noise can be removed by processing it through a 
50-point average window in MATLAB.
2 4
Time Delay (second)
I
2.05 2.1 2.15
Time Delay (second) x 10
Figure 3.3.4 The oscilloscope catches every pulse from the seed beam
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Chapter 4: Population-Induced Photoelastic Lensing 
Effect
In this chapter, I present the measurement results of the fast photoelastic lensing 
effect induced by the upper level population in a Ti:Sapphire crystal. By 
analyzing the measured focal length and the real pum p beam profile taken by a 
CCD camera, I determine the opto-elastic tensor of Ti:sapphire crystal. The 
tensor is very important to evaluate the population-induced photoelastic lensing 
effect.
4.1 Measurement of photoelastic lensing effect
The crystal I use in this study is a Brewster cut, 7 mm in light path and 0.25% T P  
doped sapphire crystal with the absorption coefficient of 4.1 cm'1 ± 20%. The 
pump beam is focused to 4 mm in diameter. The crystal is pumped from both 
sides. I use the seed beam with 800 nm wavelength and a repetition rate of 80 
MHz directly from the oscillator (Tsunami, Spectra-Physics) as the test beam and 
the pum p beam with 532 nm wavelength and a repetition rate of 30 Hz 
(Quanta-Ray, Spectra-Physics). The fast photodiode provides a temporal 
resolution of 1 nanosecond. I use 50 W thermoelectric cooling units and 
additional circulating water to keep the temperature of the Ti:sapphire crystal at 
20 °C.
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The original data taken from an oscilloscope triggered by the pump laser is 
shown in Figure 3.3.4. The envelope of the pulse train shows a clear profile of 
amplification by the pump. As described in Ch.3.3.2, by taking the ratio of the 
signal with and without an iris, the amplification of the test beam can be 
canceled out. Furthermore, this ratio will be used to calculate the focal length
(Eq. 3.3.2 -3.3.4)
•—exponential fitting 
— experimental data
3  0.42
2 ” 0.38
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Figure 4.1.1 Time dependent measurement of the lensing effect (pump energy is 
500 mJ), (a) original data and the fitted curve, (b) calculated focal length based on
the fitted curve
Figure 4.1.1 shows the ratio obtained when the crystal is pumped by 500 mJ 
pulses. The time delay is the time duration after the pum p beam hits the crystal. 
The photodiode signal shown in Fig. 4.1.1a can be fitted to an exponentially 
decaying curve with the decay time of 3.2 microseconds, which is the life time of 
the Ti3* population in the upper laser level. Since the change of the amplification 
rate is canceled out by the P(r)/P ratio, the very fast lensing effect originates from 
the non-thermal part of the optically induced lensing. This signal as a function of 
time reveals both the average thermal lensing effect and the fast non-thermal
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lensing effect. The signal before the pump pulse, indicated by the straight line, 
accounts for pure thermal lensing, while after the pump it is the summation of 
the thermal lensing and fast photoelastic lensing. As shown in Fig. 4.1.1b, when 
the pump energy is 500 mj, right after the pumping where the lensing is 
strongest, the focal length is 5.65 m (by Eq. 3.3.2-3.3.4 in Ch.3.3), which includes 
all of the lensing effects. The steady state thermal lensing focal length is 7.75 m. 
For a lens system, the focal power can be expressed as
= (4.1.1)
/  <‘=1 J i
where /  is the overall focal length and /  is the focal length of each factor that
contributes to the lensing effect. We can then calculate the non-thermal focal
length to be 20.85 m which contributes 27% of the total lensing effect.
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Figure 4.1.2 Comparison between the focal length of the crystal measured by 
oscilloscope and measured directly using an iris and a power meter
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Figure 4.1.2 shows the focal length as a function of pum p beam power. The 
square data points are obtained by the measurement discussed above (with the 
oscilloscope using the 80 MHz test beam), while the circle data points are taken 
with a pre-amplified 2 mj, 30 Hz seed pulse, which is in phase with the pump. 
The latter has energy high enough to locate the focus by an iris and a power 
meter. The data obtained by this unique method are more reliable for the 
following reason: the profile of the pre-amplified beam is deteriorated by the 
amplifying process and it must have been focused already by the amplifier 
crystal with the same mechanism studied here.
0.54
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Figure 4.1.3 Signal when the pump energy is 700 mJ and test beam is P-polarized 
(the red line is the relaxation curve if not saturated)
Furthermore, the measurements show a population saturation effect when the 
pump energy approaches 700 mj for P-polarized photons. Figure 4.1.3 does not 
show a clear relaxation. I explain it as the saturation of the upper level 
population, which restricts the gradient of refractive index change. In the laser
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medium with absorption coefficient a , the power/energy absorbed at position z 
along the light path can be expressed as
A = P- — • [A • exp{-az) + (1 -  k) exp(-ar(/ -  z))] (4.1.2)
l-exp(a/)
where P is the total power/energy, and I is the total length of the light path which 
is 7 mm in this case. In my setup, the pump beam is split into two parts to pump 
the crystal from both ends, one part with portion k of total power and the other 
part with portion (1-k). k is 0.6 and a  is 4.1 cm'1 here. The real pump beam profile 
is taken by a CCD camera (Fig. 4.1.4), when the pum p energy is 500 mj. Given 
the transverse distribution of the pum p laser (Fig. 4.1.4), the distribution of 
absorption and thus the distribution of upper level population can be obtained 
(Fig. 4.1.5). The upper level population of some spots has already been close to 
the density of T P  which is 8.6xl025m-3. Therefore, when the pum p energy is 
further increased to 700 mj, the saturation effect will be more significant.
Figure 4.1.4 The pump beam profile taken by a CCD camera, QuantaRay
PRO-290
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Figure 4.1.5 Population density in the sagittal plan of the crystal when pump
energy is 500 mJ
4.2 Calculation of photoelastic constant for Ti:$apphire crystal
The fast non-thermal lensing effect can be explained by a photoelastic model 
(Ch.2.5 and Ch.2.6). The basic mechanism for photoelastic lensing is that the 
excited ions have a larger volume so that they apply stress on the crystal lattice. 
As a result, the refractive index changes by the photoelastic effect. The 
photoelastic constants for Ti:Sapphire have not been measured yet. Researchers 
use the values for Cr:Sapphire crystal to do calculations for TirSapphire. Here, 
the measurement results (Ch.4.1) are used to derive one of the photoelastic 
constants for the TirSapphire crystal.
A 3-D model is built to simulate the population distribution in the crystal. For a 
flash light pumped high energy pulsed laser, the beam profile is far from a
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Gaussian beam. Therefore, the model is based on the real beam profile taken by a 
CCD camera (Fig. 4.1.4). The calculated 3-D population distribution in the crystal 
by the real beam profile is shown in Fig. 4.1.5. In the model, I approximate the 
refractive index by a quadratic form, which is a radially varying index 
nr =nQ -dn»r2, where n0 is the refractive index in the center. This assumption is 
also the base for the calculation of almost all lensing effects121,83. In this case the 
transmittance matrix is
For a material with varying dn such as the crystal being measured here, the total 
transmittance matrix is the product of M for all small slices,
M  = M X M i  M m
where dnxyj is the dn of slice i. The radially varying index leads to a radial 
change in the optical pass deformation (OPD). The average focal length can be 
obtained by a quadratic fit for the change of the OPD with r,102"1M
cos(/• yjldn / rtQ) (yj2dn -«0) '-sin{l-yjldrt / n0)
-yj2dn ■ n0 ■ sin(/ • yjldn / n0 ) cos(/ • yj2dn / n0 )
(4.2.2)
r 2
OPD(r)  =  OPDn ---------------
2  • /
(4.2.3)
Here, the focal length /  is known. The OPD can be calculated by
OPD(r) = y\dl*— -N t r “ , where A/j3 / N  is the change of index along the direction
i=\ N
of the c-axis per population density, which is unknown in the relationship above. 
The task here is to derive An} / N  from the focal length and the population 
distribution which are known. Applying f = 20.86 m and the population 
distribution when the pump is 500 mj (Fig. 4.1.5) to Equation 4.2.3,1 fit the OPD 
by a quadratic polynomial (Fig. 4.2.1). I then take the average between sagittal
o
and tangential plane, and finally get A«3 I N -  0.8879 A3 . Taking into account the 
error for the absorption coefficient, which is 20% provided by the manufacturer
o
and the errors induced by the measurement, An, IN  = 0.9 ± 0.3 A3 is a reasonable 
value with an error of 30%. It basically agrees with the value for Cr3* doped
o
sapphire crystal which is 1.3 ± 0.1 A3. Applying the measurement and calculation
6 ni
results to the photoelastic law An 3= -]JT— pJrsr (Ch.2.6), where n=1.76, p is the
r = l  2
o
strain-optic (elasto-optic) tensor and s is the strain with s, =s2 = 5.9±0.4A3*N 
and s3 = s4 = sf = s6 = 0 (Ch.2.6), I can determine the photoelastic constant
p31 = -0.03 ± 0.01 for Ti:Sapphire crystal.
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Fig.4.2.1 Radius dependent optical pass deformation (OPD) in sagittal plane and
quadratic fit
This value is very useful for the design of TirSapphire laser. To enhance the 
absorption coefficient and thus the gain of Tirsapphire crystal, it is very common 
to cut the crystal with end facets at Brewster's angle. Sapphire is a hexagonal 
crystal favoring lasing with the electric field vector perpendicular to the C-axis. If 
the C-axis is aligned parallel to the Brewster facet transmission plane, the crystal 
works as a self cross-polarizer, which is very harmful to lasing. Furthermore, to 
grow the Ti:Sapphire crystal, the C-axis is naturally oriented perpendicular to the 
drawing axis, and the cylindrical laser rods are normally cut parallel to this axis 
to maximize yield. As a result, the Ti:Sapphire crystal is cut with their 
transmission plane electric field vector perpendicular to the C-axis in most cases 
(Fig. 4.2.2)122. The photoelastic constant determined in this study is the constant 
for such cutting, so it has general meaning.
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Fig.4.2.2 Brewster cut Tr.Sapphire crystal with electric field vector perpendicular
to the C-axis122
In summary, the fast photoelastic lensing effect induced by the upper level 
population in a TirSapphire crystal is measured by a unique setup. By analyzing 
the data, a photoelastic constant is determined, which is important for the design 
of TirSapphire lasers. Given the focal length of the TirSapphire crystal for the 
seed beam, the lensing effect can be easily compensated by curved mirrors. In the 
design of a multi-pass CPA system (Ch 3.1), I use a 5-pass configuration. One 
convex mirror with the focal length of -5 m is inserted after the first pass and 
another convex mirror with the focal length of -3 m is inserted after the third 
pass to compensate the lensing effect.
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Chapter 5: Nonlinear Magneto Plasm onics
As a NLO effect sensitive to interface/surface, magnetic-induced second 
harmonic generation is a powerful method for probing the interface/surface 
magnetization (Ch.1.1.1). In this chapter, MSHG's interaction with another 
surface sensitive effect: surface plasmons (Ch.1.1.2), is studied. Since 
magneto-plasmonics describes hybrid systems where plasmonics and magnetic 
properties coexist, and MSHG is a nonlinear optical effect, the study here is 
called Nonlinear Magneto-Plasmonics.
In this study, a simplified sample system is proposed firstly because the overlap 
of the source of MSHG and SP makes the interaction between them more direct 
(Ch. 1.1.3). Secondly, an enhanced MSHG signal is expected because of the field 
enhancement effect of SP (Ch.2.1). Most importantly, a more enhanced magnetic 
contrast (Ch.2.3) is also expected for NMP over MP systems. The magnetic 
contrast reveals a physical change induced by a magnetic field or different 
magnetization states, which plays an important role in MP systems. For example, 
in an active MP system, the modulation of surface plasmon wave vector can be 
expressed as a function of magnetic contrast56; in a new generation of 
bio-chemical sensing devices based on MP effect, the enhancement of sensitivity 
is a direct result of the reflection shift induced by the magnetic contrast49,50,123'; 
and in more general cases, a high magnetic contrast is desirable for
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magneto-optics (MO) device applications because of the better signal-to-noise 
ratio revealing strong coupling between light and magnetic property. In this 
study, I investigate the magnetic contrast in a NMP system.
5.1 Surface plasmon-enhanced transverse magnetic second 
harmonic generation
The transverse (T-) MSHG is first studied because of the following two reasons: 1) 
the surface plasmon-enhanced transverse magneto-optic Kerr effect is mainly 
studied49'51,56'59, and therefore T-MSHG can give a direct comparison between MP 
and NMP; and 2) with a P-polarized fundamental incident beam, T-MSHG is also 
P-polarized (Eq.2.2.8), and therefore the P-polarized MSHG signal containing 
only T- component can be measured. The experimental setup is described in 
Chapter 3.2.
In previous research of MP, the common configuration is noble 
metal/ferromagnetic/noble metal heterostructure. Some complex structures or 
nano-structures were used in previous studies of MSHG interacting with SP. For 
example, Tessier et al. reported the reversal of MSHG contrast by SP generated 
from a standard Au/Co/Au heterostructure58. The enhanced MSHG signal by SP 
on nickel gratings has been observed by Newman et al.124, and Valev et al.
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showed that surface plasmon contributions to the MSHG signal can reveal the 
direction of the magnetization of Nickel nanostructures125.
In this study, the single crystal iron film sample is critical because the crystal 
structure is the main source for the cubic magnetic anisotropy which results in 
the two-jump switching process (Ch.2.3). The two-jump process allows the 
separation of longitudinal and transverse magnetic contrast. The 10-nm thick Fe 
film samples are grown by molecular beam epitaxy at room temperature on 
<100> MgO substrates. The substrates are cleaned with isopropyl alcohol and 
annealed in-situ to 823 K for 5 minutes prior to growth. Reflection high energy 
electron diffraction (RHEED) measurements indicate single-crystal Fe growth36.
5.1.1 Surface plasmon-enhanced transverse MSHG and contrast ratio
Sample I is a 10-nm thick single crystal Fe film grown on a MgO substrate
described above with axis [110] along the x-direction (Fig. 5.1.1), capped with a 
40-nm thick Au layer. This structure is expected to have a huge field 
enhancement due to the Au cap layer. A very large MSHG signal is generated 
under ATR condition because of the enhancement of the fundamental field (Fig.
5.1.2 (a)). The magnetic contrast in the MSHG signal is negligible when a 
magnetic field of H =+/- 100 Oe is applied along the y-direction. This result 
provides some important information: First, the experiment confirms that the
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enhanced MSHG signal under ATR condition is generated at the Au surface 
(Au/air interface)44,52, and not the Fe/Au interface because there is no magnetic 
response. Second, it shows that the MSHG response from the Fe-MgO interface is 
negligible under this configuration.
Of more interest is Sample II, which is a 10-nm thick single-crystal Fe film grown 
on a MgO substrate with axis [110] along the x direction. This structure is 
expected to exhibit large SP-enhanced magnetic response from the Fe surface 
(Fe/air interface). One common concern is that the Fe film is not suitable for huge 
field enhancement due to its large damping of electromagnetic fields compared 
to noble metals like Ag and Au. Actually, Fe films have been widely studied in 
surface plasmon coupled emission (SPCE), plasmon coupled 
chemi-luminescence, and long-range surface polaritons (LRSPs) by the ATR
MOKE
MSHG
Figure 5.1.1 Coordinate system of the experimental setup
method126"128.
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Figure 5.1.2 (b) shows the angle-of-incidence dependent T-MSHG signal from 
sample II for applied magnetic fields H *»+■/- 100 Oe. Note that the ATR curve is 
not as sharp as that of sample I (Fig. 5.1.2 (a)) as it is stretched out due to 
absorption, i.e. strong damping. Without ATR (0 < 40°, where 0 is the incident 
angle, as defined in Fig. 3.2.3), the MSHG signal is very small and the magnetic 
contrast is negligible. Under ATR condition, both the MSHG signal strength and 
the contrast ratio become enhanced by the SP field. As a result, a very strong 
signal with good magnetic contrast is observed. This is the SP-enhanced 
T-MSHG effect.
Sam ple I S am ple II
2 0  J  co 1 0 MSHG (+H)
 MSHG (-H)
 ATR a -S>■g w
O
10'S jg 5x  10
40
Incident
42
 Angle (degree)
44
Incident Angle (degree)
Figure 5.1.2 (a) MSHG signal from sample I with large SP enhancement but no 
apparent magnetic contrast; (b) Sample II with large SP enhancement and huge
magnetic contrast
A comparison between T-MSHG under ATR configuration and normal reflection 
configuration is shown in Figure 5.1.3. The incident angle is 44° for ATR
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configuration, and 45° for reflection configuration. The data show a strong 
enhancement of the signal strength and contrast ratio of MSHG by SP.
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Figure 5.1.3 MSHG signal strength under ATR configuration (SP enhanced) and 
under normal reflection configuration from sample II
The hysteresis loops for SP-enhanced T-MSHG and T-MOKE and the contrast 
ratios based on the hysteresis loops are shown in Figure 5.1.4. Both show an 
increased contrast ratio as the total reflection becomes more attenuated. However, 
the contrast ratio of T-MSHG is more than one order of magnitude larger than for 
T-MOKE. The combination of large magnetic contrast, strongly enhanced 
T-MSHG and high surface sensitivity shows great potential for a new generation 
of nonlinear magneto-optical SP sensors for bio-chemical applications.
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Figure 5.1.4 (a) Contrast ratio of T-MSHG and T-MOKE under ATR condition; (b) 
and (c) hysteresis loops obtained when the incident angle is 45.6° for P-polarized 
light-in and P-polarized light-out configuration. T-MSHG has much larger contrast
ratio than T-MOKE
5.1.2 Discussion
The SP-enhanced SHG originates from the metal/air interface37,52'54. Here, the iron 
side of the iron/air interface is the source of MSHG under ATR condition. Simon 
et al. show that under ATR condition, SHG at the metal/air interface is much 
greater than that at the substrate/metal interface52, and Tsang points out that the 
interference between the two contributions makes up the noise-like background 
in the vicinity of ATR53. In our measurement (Fig. 5.1.2(b)), the SHG signal 
without ATR is very small, so that SHG at the substrate/metal interface is not 
considered in our simulation. According to the surface-plasmon 
field-enhancement theory, the value of the field enhancement is given by the
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ratio of the field intensity (light intensity) on the metal surface (the metal/air 
interface) divided by the incoming field intensity in the prism (substrate/metal 
interface)37. Hence, the enhancement of SHG can be defined as the square of the 
field enhancement. Since only the relative intensity and trends of SHG are 
simulated here, the propagation of the SHG beam is not being considered in the 
model. In the simulation, the refractive index of the prism is 1.5, the refractive 
index of MgO is 1.73 and Sjron= -4.5+22i129. This model agrees with our 
experimental data (Fig. 5.1.2(a)) from sample I very well (Fig. 5.1.5(a)), because 
the SHG signal comes from the metal/air surface and it is a non-magnetic process 
in this case. However, when taking into account the magnetic contribution, it 
becomes more complex and there is a big difference between experimental 
T-MSHG data for sample II (Fig. 5.1.2(b)) and the simulated SHG values (Fig. 
5.1.5(b)), although the experimental and simulated ATR curves are almost 
identical. The experimental SHG data stretch out and keep a high intensity as the 
incident angle increases, while the calculated SHG intensity drops very fast. Here 
the trends of field intensity in each direction (x and z in Fig.5.1.1) need to be 
considered.
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Figure 5.1.5 Simulated ATR and SHG for sample I (a) and II (b)
The strength of the incident P-polarized light at the prism/iron interface can be 
decomposed into two components: Ezo = E0 sin O' and Ex0 = E0 cos 0', where 0' is 
the incident angle at that interface. After the SP field-enhancement factor is also 
considered, Ez and Ex at the iron/air interface can be calculated and are 
displayed in Figure 5.1.6(a), showing different trends as the incident angle 
increases. The second-order surface susceptibility tensor components in the 
x-direction ( > X^x ar,d Xm ) contribute most to the second-harmonic
generation52,54 because the generation of a surface wave at the SHG frequency is a 
surface specific process. As a result, the intensity of T-MSHG can be simplified 
as:
I T-MSH0{+M) = sl \ x£ - E \  + Z ^-E *+ X ™  -2E,Exf  (5.1.1)
3HC1 I T MS"C(~M) = 4  \ - X^ -  E] -  x ^  ■ E] + ^  ' 2EzEx f  , (5.1.2)
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depending on the direction of M. From this expression, I notice that the trend of 
T-MSHG intensity as a function of incident angle will be affected largely by the 
weight of Ez2 and E 2. In other words, knowing the trends of Ex and Ez as a 
function of incident angle (Fig. 5.1.5(a)), we can calculate the intensity of 
T-MSHG, if we know the relative value of x ^  and x ^  •
I found that if Xm dominates, the T-MSHG intensity exhibits a very steep drop 
with increasing angle-of-incidence (Fig. 5.1.5(b), Set 2), while if x °^  dominates, 
T-MSHG remains a high value for large incident angles (Fig. 5.1.5(b) set 1). The 
latter one agrees with our experimental data (Fig. 5.1.2(b)) very well. Hence, 
there exists a great anisotropy in the second-order susceptibility tensor of 
T-MSHG, and for the single-crystal iron film surface, x ^  dominates the 
nonlinear susceptibility tensor. In this case, the expression of transverse MSHG 
can be simplified as
I T MSIIG(±M) = si { ± x % -E l+ x ™  -2E,Ex)2 . (5.1.3)
I note that there is oxide layer inevitably on the top of the iron film. This is 
favorable for the SHG due to the Bloembergen effect2. However, the oxide layer 
only has very tiny effect on the SP according to the simulation. Further more, 
since the MSHG signal has been measured under ATR and reflection
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configuration with the sample, the new effects discussed in this study have 
nothing to do with the oxide layer.
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Figure 5.1.6 (a) Field strength of Ex and E z , (b) Simulated T-MSHG signal. Set 1:
z t ' /  =1:100, Set 2: * £ /  =100:1
5.2 Magnetic contrast tuning effect
In order to elucidate the origin of the SP-erthanced contrast ratio in NMP system, 
the longitudinal (L-) MSHG is also studied. For a P-polarized fundamental field, 
the T-MSHG is P-polarized (Ch.2.2, Eq.2.2.8), while the L-MSHG contains both P 
and S component. The T-MSHG can be filtered out by a S-polarized analyzer. 
However, for pure S-polarized MSHG signal, there are only odd nonlinear 
magnetic tensor components, as a result the contrast ratio C = 0 because 
(+Z°Jd)2 = ( -Z 0*1)2 and I 2m(+M) -  I 2m(-M ),.  The common practice is to offset the 
polarizer a few degrees to induce some background as (A + z 0^ ) 2 * ( A - z ^ ) 1,
which is call S*-polarized15,93. As a result, the L-MSHG data will be mixed with 
some T-MSHG component.
5.2.1 The change of hysteresis loops and the tuning of contrast ratio
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Figure 5.2.1 (a) MSHG and (b) MOKE hysteresis loops under ATR configuration
with different incident angle
Figure 5.2.1 (a) shows MSHG hysteresis loops taken at different incident angles, 
6 = 41°, 41.5°, 47.5°, and 52.5°, and the analyzer is set to be 10° offset from the S 
polarization. There is hardly any magnetic contrast at the angle of total reflection 
(6 = 40°), the same as for T-MSHG (Fig. 5.1.4(a)). For 0  = 41°, ATR just begins, 
and the hysteresis loop shows clear contrast with only the L-component 
switching at H = 5 Oe. The switching of T-component at H = 40 Oe begins to 
appear at 0 = 41.5°, but the L-component still dominates the switching. With 
increasing incident angle (6 = 47.5°), the T-component becomes more enhanced,
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and eventually at 0 = 52.5°, where the reflection is very small and close to the 
bottom of the ATR curve, the T-component dominates the hysteresis loop. For 
comparison, Figure 5.2.1(b) shows hysteresis loops for SP-enhanced MOKE. At 0 
= 41° and 41.5°, the T-component is negligible. At larger angles, 0 = 47.5° and 0 = 
52.5°, the T-component becomes enhanced but remains at a relatively low level 
as compared to the L-component. This important observation demonstrates the 
large tuning effect of L- and T-component in MSHG which is absent in MOKE. 
There is no such huge effect for MSHG under normal reflection geometry or 
MSHG under Kretschmann-Raether configuration with S-polarized fundamental 
field.
-V -  Cj.(MSHG) 
- A -  Cl(MSHG) 
• < — CfiMOKE) 
- t> -  Cl(MOKE) 
 ATR
Incident Angle (degree)
Figure 5.2.2 Magnetic contrast of MSHG and MOKE under ATR
Figure 5.2.2 shows the magnetic contrast of MSHG and MOKE as a function of 
the incident angle, together with the ATR curve. The most important finding is
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that for L- and T- MSHG, the contrast ratios CL ( ) and CT ("▼“ ) (refer to
Ch.2.3) can be tuned by the SP resonance with opposite trends. I call this 
magnetic contrast tuning with nonlinear magneto-plasmonics. C l  initially 
increases sharply when ATR begins and reaches its maximum at around 42.5°, 
but then decreases as 6 increases further, until it totally disappears at around 55°. 
In contrast, C t increases slowly and steadily over the whole range. This trend is 
independent of the setting of analyzer. Note that the same tuning effect and 
trend of CL and CT are obtained when the external magnetic field is aligned along 
the transverse direction, i.e. along axis [110]. This proves that the tuning effect is 
directly related to the direction of magnetization, rather than the external 
magnetic field.
5.2.2 Discussion
To elucidate the origin of the large tuning effect in the MSHG contrast ratios, CT 
and Cl are studied as a function of the angular position a of the analyzer1114 (a = 
0 corresponds to p-polarization). According to the analysis of the magnetic 
contrasts for a two-jump system in Ch.2.3, magnetic contrasts for L- and 
T-MSHG can be expressed as:
„ ^ ta n (a )c o s (^ )  r  kTcos{<pT)
Cl 1 + ^ t a n V )  3nd Cr ~  l + *r2 + * > n V )  (5JL1)
where kT and kL are the ratios of magnitude between the magnetic and
non-magnetic MSHG response for T- and L-magnetization components, both of
85
which are composed of fundamental fields and corresponding effective 
susceptibility tensors, (pr and <pL are the phase differences between the magnetic 
and non-magnetic MSHG response for T- and L-magnetization components, 
respectively. Note that when kr = 0, the expression for CL becomes identical to the 
one for the one-jump MSHG hysteresis loop measured in the L-geometry58,94. 
Furthermore, kT and cj>r can only be obtained from the two-jump MSHG 
hysteresis loop, because Eq.5.2.1 becomes meaningless without kL and a. With the 
measured values of the contrast ratios as a function of analyzer angle, k and (f> 
can be obtained by fitting the contrast ratios to Eq.5.2.1.
Figures 5.2.3(a) and (b) show the ratios of magnitude and phase differences as a 
function of incident angle under ATR condition for T- and L-magnetization 
components, respectively. The ratios kTand kt hardly change within experimental 
errors and hence cannot account for the large tuning effect. In contrast, (pL 
exhibits a large monotonic increase from 72° to 90° over the ATR range, while (pr 
decreases from 88° to 77°. This trend is consistent with the large decrease of Cl 
and the steady increase of Ct with increasing incident angle under ATR. 
Therefore, the magnetic contrast tuning effect originates from the change of 
relative phases caused by SP. The phase difference between magnetic and 
non-magnetic components of MSHG signal is known to be related to the relative
orientation of magnetization and the wave vector of fundamental fields7,15’16.
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Since the L- and T- magnetization components are normal to each other, CT and 
CL display opposite trends.
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Figure 5.2.3 Phase difference and ratio of magnitude as a function of incident 
angle, (a) L-MSHG, (b) T-MSHG.
In summary, magnetic contrast tuning in single-crystalline iron film with 
nonlinear magneto-plasmonics has been demonstrated. Such a system opens the 
way for simultaneously investigating both longitudinal and transverse 
magnetization components regardless of the external magnetic field. By studying 
MSHG hysteresis loops as a function of incident angle and polarization angle, 
and by fitting the magnetic contrasts to theoretical formulas, I find that the 
tuning effect originates from the change of relative phase between magnetic and 
non-magnetic MSHG components caused by surface plasmons.
5.3 Conclusion
In this study, I first demonstrated that a single-crystal ferromagnetic Fe film 
allows a detailed study of NMP, because MSHG and SP are both surface
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sensitive effects. This is of interest to the development of MP devices. By 
studying the SP enhancement effect on transverse MSHG, I demonstrated that 
the contrast ratio of SP-enhanced transverse MSHG is more than one order of 
magnitude larger than the SP-enhanced transverse MOKE, which shows great 
advantage of NMP over MP for sensor applications. Furthermore, a method to 
study pure surface magnetization is provided. The experimental results also 
suggest a strong anisotropy exists among the second-harmonic generation 
susceptibility tensors. By studying the hysteresis loops of SP-enhanced MSHG 
with different incident angle and different analyzer polarization, a contrast ratio 
tuning effect is discovered, an important finding in this dissertation. This study 
demonstrates that the longitudinal and transverse MSHG are governed by the 
direction of magnetization, rather than the external magnetic field. With the 
enhancement effect, both L- and T- MSHG can be studied simultaneously for a 
material with cubic magnetic anisotropy. This new effect enhances the sensing of 
magnetic switching, which has potential usage in quaternary magnetic storage 
systems because it enables the read-out of all four magnetization states from 
crystalline iron with high contrast ratio, and it is also of interest for bio-chemical 
sensor applications due to its very high surface sensitivity and simple structure.
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Chapter 6: Conclusion
Two NLO effects are studied in this dissertation. The magnetic-induced second 
harmonic generation (MSHG) interacting with surface plasmon, called 
"nonlinear magneto-plasmonics" (NMP), and the nonlinear index induced by a 
strong pum p beam in Titanium doped sapphire crystal, which is called 
population-induced nonlinear index effect.
In the study of population-induced nonlinear index effect, a fast measuring 
method is developed to catch the fast lensing effect in the scale of several 
microseconds. The photoelastic constant obtained is very useful for the design of 
high power Ti:Sapphire lasers and amplifiers. A spatially and temporally 
homogenized chirped pulse amplifier, whose performance is better than the 
available commercial ones, is built during this study.
The study of nonlinear magneto plasmonics is significant and the results will be 
of immediate interest to the large community working in this area. The 
terminology NMP is created by our group. Magnetic contrast tuning in 
single-crystalline iron film and the enhancement of MSHG signal with nonlinear 
magneto-plasmonics are demonstrated. The two-jump switching process is 
studied systematically for the first time. Such a system opens the way for 
simultaneously investigating longitudinal and transverse magnetization
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components regardless of the external magnetic field. By studying MSHG 
hysteresis loops as a function of incident angle and polarization angle, and by 
fitting the magnetic contrasts to theoretical formulas, I find that the tuning effect 
in longitudinal and transverse magnetic contrasts originates from the change of 
relative phase between magnetic and non-magnetic MSHG components caused 
by surface plasmon. This new effect has potential usage in quaternary magnetic 
storage systems, and it is also of interest for bio-chemical sensor applications due 
to its very high surface sensitivity and simple structure.
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